drogen ingress did not occur with pure titanium, indicating that is controlled by diffusion in the bulk metal, and (2) interlace conthe surface oxide is an effechive bamrn. to hydrogen emily. In control. inl which the rate of ingress is controlled by the flux acoes the t-ast, the data far Ti grade 2 (UNS 4 " R5040) were shown to fita interface.' For a hilm-covered metal or a&Noy. the interface control model for hydrogen diffusion and trapping, allowing values to be model has been found to be applicable in all cases so far. Accorddetermined for the irreversible trapping constant (k) and the flux wig to this mo~del, the Ita;~ charge passed out is given In nondiof hydrogen into the metal. Two values of k were obtained. de-mensiorial formby pending on fte I*el of hydrogen present in the metal. The density of :revers bie traps calculated fromkA for low hydrogen levels Q'A)11'R1 -e-14r(iR) -(11 -1/(2R)erf\'Aj) (1) suggests that the principal irreversible traps may be interstitial nitrogen, but grain boundanies are another posalbldy~. The addi-Th nondimensiornal terms are defined by 0 -q4FJ1(yjk,)j and banal trapping constant obtained for high hydrogen levels isF -Q.t, where q is the damensionalized chtarge-In C m-2, F iste 6*uught to be associated with hydride formlation The ioverslte Faraday conistanlt. and J is the Ingres flux in "4MaA-2 -s'-. The trapping constants for Ti grade 2 are consistent with Nts suscepticharge q'(z) corresponding to 0(rz) is equated 0) the charge (q,) bilt fy to hydrogen embrittleflment re~ltive to that of other slloys. The associated with the experimental anodic transients. k. is an appurresults demonstrate that multpipe i"reversible traps can be distin-*nt trapping constant measured for irreversible traps in the presguished by uiaing the ddtfuaionlrra~sping model. ence of reversible traps and can be expressed by K(D.IL) Moore
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It is the Irreversible trapping constant. D. is fth apparent diffusivtrapping, potentwastatic. titanium 'tY. and OL is the tIce" difuelvit of hyL-"gen in the metal. Data for the anodic charge (q.) were obtained by Integration
INTRODCTIONof
the current transients for different charging times and wore fitted
INTRDUCIONto
Equation (1) to determine k. and J_ Values of these two parameters can be used to cakculate the charge (q 1 ) Irreversibly trapped Structural heterogeneities in a"y are potential trapping sites for given nonclimens~ionally by diffusing hydrogen, and the interaction of hydrogen with these trap stscan render the aloy Susceptible to hydrogen ernbrrttlement 01 -I % -11(2 %'Riledf\ + 0 A(2) Hydrogen ingress in various ironand nickel-basie alloys has recently boen studied usingy a potentiostatic pulse tehniqu in whiich a test elcrode is charged with hydrogen at a Constant potential
The chailrge associated with the entry of hydrogen onto the metal (E,~) for a time (t). 1-The potenbWa is then Stepped to a more poo.
(q,) can be determined from its nondimenslonal form of 0., -Itive value. Ex (10 mV negative of the open-circurt potential), and N. R by using the derived value of ke. The datia for q,. qT. and the an anodic current transient is obained. By using an appropriate cathodic charge (q.) carn then be used to obtain two ratios: diffusioniltapping modell' to analyze toe datas. it was possibl to
(1) i~hOq, cortespofdiiig to the fraction of hydrogen in the metal determine trapping parameters for these alloys The technique and thut is trapped, and (2) qL,/qc. representing the traction of charge model have now boen alpplied to titanium in both the pure arid associated with hydrogen entry during the charging step The ratio grade 2 formsl to obtain the hydrogen Ingress characteristics anid qrq., is independent of potential because each component has Owen to compare Vie trapping capability of titanium witti previouslily the same dependcence on flux. wtiereas "~/q generally exhibits studied alloys in terms of their susceptibility to hydrogen some variation with potential.
embrttiement.
The density of tirreversible trap particles (N,) can be obtained directly from the apparent trapping constant with the balance being Ti. The titnium specrnen was 99.99 perwet pure. Both grades of titanium were supplied in the form of 0 112.7-mmn diametier rods ari were used in the as-received condi-Von. The yield strength of the as-received! Ti grade 2 was given as 380 MPa.
Details of toe electrochemlical cell! and Instrumentationi hae" been given prewlously.' The 6Ms ele hc rids aconsisted of a 5-cm 0.1 length of rod in a polytertaftuoroetiylene sheath so that only the plwana nd surface was exposed to the electrolyl The surface wast polishe with SIC paper followed by 0.05-*aLm alumina powder before each tes to remove metal previously exposed! to abs~re 
RESULTS

*.
Pure Titanium
A tipi"a anodic current transient is shown or, Figure 1 . The enodic chrge was Invanrian with tc. wihis not predicted by the dlffuubohitrapping model for e~he diffusion or interf ace control.I Therefore. k, could not be determined at any overotential over -2.0 the wide range studied (-0.06 to -0.8 V). The open-circuit Wotn-Nil, anid therefore the charging potential. generally exhibited a positive shift over the range of charging times for each overpotn--. NaW. This snif might Compensate Wo the increase in t. However, in several cases. Ec changed by ý5 mV and q. was essentially constant. Therefore, any effect resulting from the shift in Er appears to be minor. instead, the invariance in q. indicates thtla negligible.
-0590 -0.70 -0.60 -0.50 -040 -030 -0.20 hydrogefn enter the metal, so that %. is approximately zero. and 11fVM therefore c6 corresponds solely to oxidation of fth adsorbed layer of hydrogen that Is. it should Comprise only cef. The dependenc FIGURE 2. Dependence, of anodic charge on overporenraml for pure of log q., on T) ( Figure 2 ) is linear over a wide potential range, as titanium in acetate buflor. wtiereas the rean value at higher potenitals is 0.040 s-The two and J that were IndepeNdJent of charging potential (Ec) and charg* other tests gave trapping constants of 0.036 a-and 0.042 a -' at kVg time (t,) respectively. In accordance with previouis practice. 2 high potentials. so that the mean value of k, at high potentials in the data were analyzed only for charging times a 10 s to minimize the four tests was 0.040 z 0.004 a-. Values of q. 6 calculated usshr-ieeffects where, for example, oxidation of the adsorbed ing k,. and J are compared with the corresponding expenmental hydrogmn layer can make asignificantwcntribution toq.. Four dais (in --0.70V in test 2) inFigure5. and itis evident that the atst were performed. arid the values of k. and J given in Table 1 data agree well over the, charging time range. Figures 6 and 7 . The .,/qý ratio for Ti grade 2 approximately follows an empnlrica Vk dependence for charging times up to 10 s. bul shows an ncreaatng ;eviation from nriear"ty at higher charging times, which can be atWe to the different The increase in trapping constant at high ovefpoeftails can dependence of qT "i q on I, be auribeo to an additional type of irreversible trap participating The ratio of q,, to q, increases with t, and the increase beconcurrently with the irreversible traps detected at low overpoten-comes greater at higher overpotentiats (Figure 8) The increase m bals The derdiies of the two traps are asumeod to be additr•e, q,"qc with overprAtental indicate that "hydrogen entry becomes and therefore k, at high overpolentials can be represented by more efficient, which in turn implies that hydrogen atom recombination dunng charging on Ti grade 2 must occur electrochemically. -0A . (0.0 ) -'ad0.804VA 0.85V 124 2.6 -1'3 8.3 le~ 316 0.4
Altough the data suggest that the principal irreversible trap may be nitrogen. giain boundaries are anotler Possibility: however, Iin this case of steels, the trapping energy of grain boundaries. anid therefore their reversiblefirreversble nature, depends on on.2 their angular onentation.' A more likely alternative is that trapping results fronm hydride formation. Hydride decomposditio ;s expected to be slow relative to the duration of a pulse test. and hence the hydrogen c~an be corsidered irreversibly trapped found that only~ ttwin surface hydride films form at potentials more positive tman -1.0 Vsc&, but extensive hydride formation may occut at more negative potentialts Traps corresponding to the forma-Titanium Grade 2 tion of a surface hydride, could be expected to saturate at poten-The irreversible trapping constants (k, and k)for Ti grade 2 bal approaching the commencement of accelerated hydride, can be approximated to the apparent trapping contants on the formation because of the decreasing availability of free titanium in baisofth lwditfusivity ofhydrogen intitaniumn and th close-Vi v~iciity othsufc.Trap strto ol edt ness in the composition of grade 2 and pure titanium. The ddusiv-decrease in k, with increasing overpotential, but such a decrease Ity of hydrogen in n-Ti over the temnperature range 250 to 100C is is not observed Therefore, If seems more likely that ritrogen. constant (k 2 ) obtaiined at high overpotentials (E. < -0.93 Vsc 5 ) is 0 6 10exp~-O2O ±330Jmr'/~~m~ 5) proaly associated wmthe acoeleralod formation ofhydrides. Moreover, the decrease in q,,/qc in this potential region is consiswhich gives a value of 1.65 ), 10-'G m2 s-at 25*C. Because of tent with the presence of a partial barrer to hydrogen entry and the diffusivity and comnposition factors, the diflusivities for the pure provides support for the formation of a thick hydride layer arid commercial grades are assumed to differ negligibly, so that D.-D,. and therefore kk.. Hence. ki, -0-028 = 0.002 s-'
Comparison of Trapping Constants
and k 2 -0.012 = 0.006 s -1 The irreversible trapping constants for Ti grade 2 are com-The trapping at low overpotentiats as reflected by the value pared with those obtained previoucVy for a range of alioys shown of 0.028 s-' for ki, could be associated with either the minor elein Table 3 . Although various metallurgical factors are involved, the mrinets (C. N. 0, and Fe) or structural defects such as grain boundsusceptibiulity to hydrogen emnbrittlemnent does appear to follow the aries arid dislocations in the titanium Equation (3) was used to trapping capability of the alloy as represented by the irreversibe calculate the density of irreversible trap& from k., by aasurriing trapping constant. This correlation has been discussed earlier for that the pnincipal type of trap was one of Inc minor elements. Th that steels and nickel-base alloys listed-3 appopriate atomic radius was thirelore used as the trap radius (d) and the diameter (a) of the titanium atom was taken as 290
From thexoder of the trappinrg Constants. "ti susceptibility of pm. The values of N, and the atomic concentration (A) of the ale-Ti grade 2 to hydrogen emnbrittiemeont at low levels of hydrogen is merits are given in Table 2 The ratio A/N, represents the level ,,t predicted to be comparable to that of lncoioY 2 1 925 (tINS N09925) agreement between the atomic concentration and the trap derisity and MP35N (UNS R"035) Hydride precipitates can be observed "Icalclaed on the basis of the appropriate element.
in Ti grade 2 at hydrogen ooncenrtrations above -100 ppmn by
In all cases except nitrogen. A/N, is large enough to discount *e"ht. but they do not cause gross embrittlement of the tit~aniujm these elements as the principal irreversible trap. even allowing for until hydrogen levels exceed 500 to 600 ppm." Similarly. the uncertainty in the hydrogen diffusn~ty. which could vary N. by a gas-Phase charging studies of Incoloy 903 have shown that profactor of almost four. Moreover, oxygen is known to reduce the 1crigad expjosure is required to alccumnulatei enouh hydrogen to solubility of hydrogen in titanium.' which suggests that oxygen is red"c ductility"' Iricoloy 925 is likely to behave similarly to the unlikely to be a potential trap, this is consistent with the above re-903 grade, so the trapping constant for Ii grade 2 is consistent sults. However, a reasonable correlation exists for nitrogen. partic-wftth that of Incoloy 925 in terms of hydrogen embtrittlement resisutarty because the uncertainty factor means that the calculated laire in that relatively long exposure times are required in each trap density may be no more than five times larger than the actual case for the hydrogen concentration 1o exceed the level necessary concentration of nitrugen atoms Interestingly. among the interstito degrade the mechanical properties. Furthermore, the higher bats, nitrogen is particularly effeactive in reducing the ductility of trappling constant (0.040 s-') associated witri the occurrence of titnum.'~i which coincides, with its apparent role as ithe pnncipat significant hydride formation coincides with fth increasing suscepirreversible trap. Hence, nitrogen may strongly affect Ithe suscePti-Utility to emnbrittlement with hydrogen concentration. bilty of Ti grade 2 to hydrogen embrittlement throuh its combined _______ influence on brdtteness and hydrogen tiapping.
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